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| INTRODUC TI ON
The integrity of stratified epithelia is maintained by tight regulation of proliferation and differentiation. Basal cell self-renewal maintains the cell population and gives rise to differentiated cells, which maintains tissue homeostasis and the skin barrier function to defend against environmental stresses and protect the body from dehydration. 1 Aberrant keratinocyte differentiation is involved in many skin diseases, such as psoriasis, atopic dermatitis and skin cancers. Increasing evidence has documented that the switch to differentiation gene expression is epigenetically controlled and that histone modifications are involved in the cell fate commitment. Repressive H3K27me3 is enriched in non-epidermal and differentiation genes to sustain the stem state. Knocking out key subunits of the PRC2 complex, Ezh1/2, thereby inducing the ablation of H3K27me3 marks, leads to premature differentiation of keratinocytes and Merkel cells. [2] [3] [4] H3K4me3 is usually found around transcription start sites as an active gene transcription marker. The transient poised state of H3K4me3 and H3K27me3 is resolved upon differentiation, with only one of the marks remaining at the promoter to stably activate or silence gene expression, which has been proposed to occur in embryonic stem cells (ESCs), induced pluripotent stem cells, some non-stem cell lines and cancer cells. 5 Intriguingly, global loss of H3K4me3 accompanies the differentiation of ESCs to progenitor cells. 6 Lysine demethylase Jarid1 family members, including Jarid1a, Jarid1b, Jarid1c and Jarid1d, have been found to demethylase
H3K4me3. 7 The role of Jarid1b in cell differentiation has recently received increased attention. Jarid1b contributes to the myogenic, osteogenic and macrophage lineage specification of mesenchymal cells. [8] [9] [10] Silencing of Jarid1b in ESCs impairs neural linage commitment. 11 An
RNAi screen identified Jarid1b as a major regulator of haematopoietic stem cell differentiation. 12 Jarid1b contributes to trophoblast stem cell differentiation by downregulating self-renewal genes via removing H3K4 methylation. 13 Jarid1b has been reported to be highly expressed in various types of tumours. In luminal breast cancer, Jarid1b is a luminal lineage-driving oncogene. 14 Leukaemia stem cell (LSC) differentiation is associated with downregulation of H3K4me3 profiles, and overexpression (O/E) of Jarid1b leads to LSC differentiation, reducing leukaemia stem cell oncogenic potential. 15 While these studies provide insight into the role of H3K4me3 in cell fate decisions and that of Jarid1b in regulating the differentiation of a variety of cell types, it is unclear how Jarid1b contributes to stratified epithelium differentiation.
Therefore, to investigate the role of H3K4me3 demethylases in regulating stratified epithelium differentiation, we evaluated the global expression levels of H3K4me3 and its demethylases in the Jarid1 family. Our findings demonstrated that at the global level, H3K4me3 expression decreased upon keratinocyte differentiation and that both methyltransferases and demethylases of H3K4me3
were increased, suggesting a crucial role of demethylases during differentiation. Furthermore, overexpression of Jarid1b promoted keratinocyte differentiation, whereas depletion of Jarid1b delayed differentiation in vitro and impaired differentiation layer formation in reconstituted epidermis in vivo. Mechanistically, we demonstrate that Jarid1b regulates the key differentiation transcription factor
Ovol1 by directly binding to the PI3K-AKT pathway suppressor Ship1, but not to Pten. These findings suggest an epigenetic role of Jarid1b in regulating keratinocyte differentiation.
| MATERIAL S AND ME THODS

| Animals
Nude mice (male, 6 weeks old, 20-25 g) were purchased from the Beijing Vital River Laboratory, China, and housed in the SPF-grade centre of the animal facility in the affiliated hospital of Qingdao University. All experimental protocols were approved by the ethics committee on animal care of the Affiliated Hospital of Qingdao University. All animal studies were performed in strict accordance with the approved protocol.
| Cell culture and treatment with inhibitors
HaCaT cells were cultured in low-calcium growth medium. Briefly, calcium-restricted media were obtained from Gibco, and calcium in serum was removed by incubation with Chelex 100 (Bio-Rad 142-2842). 16 Low-calcium growth medium and high-calcium differentiation medium were produced by adding CaCl 2 at 0.03 mmol/L and 2.8 mmol/L, respectively. Cells were treated with inhibitors (Selleck) at the indicated concentration for 24 hours.
| Plasmids and transfection
Jarid1b and Ovol1 were subcloned into the cumate-inducible
Cumate-pLenti-GIII-CMV-IRES-puro-SV40-GFP vector. In this system, the repressed CymR target gene is expressed when cumate is present. Ship1 was subcloned into the pCDNA3-3Flag vector. The target shRNA sequence was chemically synthesized in the pLKO.1 vector, which is included in a Tables S1-S3 Transient transfection was performed with Lipofectamine 3000 following the instructions of the manufacturer.
| Western blot analysis
Cells were lysed in 2% SDS lysis buffer and sonicated. A total of 15 μg of protein was loaded after quantification (Pierce 23225). Then, the proteins were transferred to a 0.45 μm PVDF membrane. After 1 hour of blocking with 5% BSA, the membrane was incubated with the primary antibody overnight at 4°C and then the secondary antibody at room temperature for 1 hour on the next day. Antibody information can be found in Tables S1-S3 . After washing, the blots were developed with the Super Signal Pico substrate (Pierce Biotechnology).
| Real-time reverse-transcription PCR
Total RNA was isolated by using RNAiso Plus (Takara D9108) and reverse-transcribed using All-In-One RT MasterMix with the AccuRT Genomic DNA Removal Kit (Abm G492). Quantitative PCR amplification (Abm MasterMix-S) using a Roche LightCycler 480 was performed via initial denaturation at 95°C for 5 minutes, followed by 40 cycles of 95°C for 10 s and 60°C for 15 s. The sequences of primers can be found in Tables S1-S3. Relative quantification was performed using the 2 −ΔΔCt method normalized to GAPDH.
| Chromatin immunoprecipitation (ChIP)
The ChIP procedure has been described previously. 17, 18 In brief, 
| Immunohistochemistry and immunofluorescence
For immunohistochemistry, antigen retrieval was performed with pH 6.0 citrate buffer for paraffin-embedded tissue sections. After removing endogenous peroxidase with 0.3% hydrogen peroxide and non-specific protein blocking reagent incubation, primary antibody incubation was conducted overnight at 4°C. The mean intensity was quantified by using Image-Pro Plus from at least three raw, single-channel greyscale images that were obtained under the same conditions.
For immunofluorescence, 4% PFA-fixed cells were blocked with blocking buffer for 1 hour and incubated with the primary antibody overnight at 4 °C. After washing three times, the cells were incubated with the secondary antibody for 1 hour at room temperature, followed by Hoechst counterstaining.
| Wound healing assay
A total of 600 000 cells were seeded in six-well plate wells. The next day, scratches were introduced using 200 µL pipet tips to create scratches with a similar diameter. The cells were washed once with PBS to remove floating cells. Then, 2 mL of fresh media supplemented with 1% FBS and the indicated concentration of cumate was added.
Images of the scratches were recorded at the indicated time points at the same positions. The wound areas were quantified with ImageJ software.
| Cell viability
For the CCK8 assay, cells were seeded at density of 1 × 10 4 A live-cell imaging system was used to evaluate cell viability upon Jarid1b knockdown (KD). A total of 5000 cells per well were transfected with control or Jarid1b shRNA under low-or high-calcium culture conditions, and images were obtained every 6 hours. Cell confluence was calculated to reflect cell proliferation.
| Preparation of skin cell suspensions and chamber grafting
Engraftments were performed as described previously. 19, 20 Neonatal mice were sacrificed within 24 hours, and the back skin was dissected. The skin was floated on 1 U/mL dispase II overnight at 4°C.
The next morning, the epidermis and dermis were separated with sharp forceps. The dermis was digested with 0.1% collagenase type 1 (LS004196) and 0.005% DNase I (LS002058) at 37°C for 1 hour with agitation, and this step was repeated twice. Collagenase activities were quenched by DMEM containing 10% foetal bovine serum.
Single dermal cells were filtered through a 40 μm cell strainer. HaCaT cells were trypsinized to obtain a single-cell suspension. All cell lines were counted. Equal numbers of HaCaT and dermal cells were combined at 2 × 10 4 cells/μL in a 500 μL volume. The combined cells were injected into a silicon chamber implanted in the back muscle fascia of anaesthetized nude mice (Beijing Vital River Laboratory, China). The chambers were removed after 1 week. The reconstituted skins were collected after 27 days of implantation.
| Statistical analysis
To determine the significance of data obtained from human samples or cell culture assays, comparisons were performed using descriptive and inferential statistics accompanied by graphs from the Prism software program (GraphPad). In all column bar graphs, the mean value ± 1 standard deviation is presented. For all the statistics, the 0.05 level of confidence was accepted for statistical significance.
| RE SULTS
| H3K4me3 expression decreases and Jarid1b expression increases during epidermal differentiation
The epidermis offers an ideal in vivo model for investigating cell low-calcium conditions to maintain an undifferentiated state and underwent differentiation upon high-calcium stimulation. 21 The results
showed that the expression of K10 and involucrin (IVL) increased with time in high-calcium conditions, indicating that differentiation was successfully induced in our system. We found that H3K4me3 decreased upon differentiation ( Figure 1E ). Next, we examined the gene expression of methyltransferases and demethylases related to H3K4me3. We found that both methyltransferase and demethylase gene expression increased ( Figure 1F and S1), indicating that the Jarid1 family is responsible for the global downregulation of H3K4me3 upon differentiation. Jarid1b displayed the greatest increase among all four members of the Jarid1 family (Jarid1d is not shown due to a high Ct value). Western blotting confirmed the increase in Jarid1b ( Figure 1E ). In addition, we compared Jarid1 gene expression levels in human primary keratinocytes based on the GEO database (GSE21413) and found that Jarid1b expression was comparatively higher than that of the other two genes (Tables S1-S3 ).
| Jarid1b deregulates HaCaT cell differentiation
Next, we silenced Jarid1b to explore its function in HaCaT cell differentiation. Jarid1b knockdown was confirmed at the mRNA and protein levels (Figure 2A) . The mRNA and protein expression of K10
and IVL in Jarid1b knockdown cells was lower than that in the control cells at the indicated time points ( Figure 2B ,C), suggesting that Jarid1b silencing delayed HaCaT cell differentiation.
| Overexpression of Jarid1b enhances HaCaT cell differentiation and inhibits proliferation
A stable, inducible Jarid1b-overexpressing HaCaT cell line was produced by lentivirus infection followed by selection with 2 mg/ mL puromycin to obtain a pure cell population. Jarid1b was overexpressed upon cumate treatment at the indicated concentration.
K10 and IVL expression was upregulated with Jarid1b overexpression ( Figure 2D and S2 ). In addition, the CCK8 assay showed that cell proliferation decreased upon cumate treatment compared with the control cells ( Figure 2E ), whereas knockdown of Jarid1b increased cell proliferation ( Figure 2F ), suggesting that the induction of Jarid1b may play a significant role in terminal differentiation.
| Jarid1b silencing impairs terminal differentiation in reconstituted skin
To further understand the role of Jarid1b in vivo, HaCaT cells and mouse dermal fibroblasts were grafted onto nude mice. 19 After 27 days, the reconstituted skin was analysed by histological and immunohistochemical assays. First, we confirmed that in the reconstituted skin, Jarid1b expression was depleted compared with the control ( Figure S3 ). H&E staining showed that the control cell differentiated into well-structured epithelia, whereas the Jarid1b-silenced epidermal F I G U R E 1 H3K4me3 expression decreased and Jarid1b expression increased during epidermal differentiation. Representative images of immunohistochemical staining for (A) H3K4me3 and (C) Jarid1b in human foreskin. B, H3K4me3 expression was decreased in the suprabasal layers compared with the basal layer (P < 0.01), whereas (D) Jarid1b expression was increased (P < 0.05). E, Western blot analysis of the expression of keratinocyte differentiation markers (K10 and IVL) and (F) RT-qPCR analysis of the mRNA expression of Jarid1 family members in HaCaT cells grown in low (day 0)-and high-calcium media for 3, 7 and 12 days layers were thinner ( Figure 3A,B) . Moreover, staining for the differentiation marker K10 showed that the intensity was much lower and that the layer was thinner upon Jarid1b knockdown ( Figure 3A ,C,D), demonstrating substantial impairment of terminal differentiation. We also noted that all of the reconstituted epidermis consisted of one non-K10-stained basal cell layer ( Figure 3A) , though HaCaT cells retained K10 expression in the low-calcium culture in vitro ( Figure 1E ), which showed that the transplantation assay was a reliable and sensitive model and that essential regulation by stoma interactions is needed for epidermis formation in vivo. This native epidermis-resembling model strongly suggests a crucial role of Jarid1b in terminal differentiation.
| Jarid1b controls MET gene expression
To determine whether Jarid1b inhibits FaDu cell migration, a scratch wound healing assay was performed. Initially, both groups exhibited almost the same wound size at 0 hour. However, in the Jarid1b-overexpressing group, the scratch wound area was still significantly larger than that in the control at 24 and 48 hours. Compared with the control, the cell migration rate was substantially decreased (P < 0.05) upon Jarid1b overexpression ( Figure 4A ). We speculated that Jarid1b could be involved in the epithelial-mesenchymal transition (EMT) process, as Jarid1b contributes to cell migration and terminal differentiation.
We found that the expression of mesenchymal-epithelial transition (MET) genes, including Klf4, Foxa1, Ovol1 and Ovol2, was enhanced or suppressed upon Jarid1b overexpression or knockdown, respectively ( Figure 4B ,C). Western blot assays confirmed that Jarid1b overexpression resulted in elevated expression of Ovol1, whereas Jarid1b knockdown led to reduced Ovol1 expression ( Figure 4D ,E).
Recent studies have suggested that Ovol1 contributes to epidermal differentiation. Our results demonstrated that the expression of K10 and IVL was upregulated by Ovol1 overexpression ( Figure 4F ).
Conversely, the expression of these genes was downregulated upon knockdown of Ovol1 ( Figure 4G ).
| Ovol1 is controlled by the Jarid1b-Ship1-PI3K/ AKT pathway
Our previous study demonstrated that the PI3K-AKT pathway promoted FaDu cell differentiation, 17 which raised the possibility that Ovol1 could be involved in this process. Here, our results showed that Ovol1 expression was inhibited upon treatment with the PI3K inhibitor LY294002 and the AKT inhibitor perifosine, suggesting that PI3K-AKT signalling plays an important role 
| Jarid1b directly binds to the SHIP1 gene promoter
Next, we examined whether another PI3K/AKT pathway suppressor, Pten, was regulated by Jarid1b. Unfortunately, there were no obvious changes in Pten upon Jarid1b overexpression ( Figure 6A ), suggesting that there is a specific mechanism by which Jarid1b regulates Ship1. We analysed the sequence of the SHIP1 gene and found the consensus binding sequence (GCACA/C) of Jarid1b near its promoter. 22 We designed primers containing the binding motif around the TSS gene to perform ChIP assays. Our results demonstrated that Jarid1b and H3K4me3 were enriched at the TSS of the SHIP1 gene promoter ( Figure 6B ). Furthermore, overexpression of Jarid1b resulted in a reduction in H3K4me3 enrichment ( Figure 6C ). We next conducted a Ship1 rescue assay in Jarid1b-overexpressing cells. The results showed that Ship1 overexpression could enhance cell proliferation, which was inhibited by Jarid1b overexpression ( Figure 6D ). In addition, Ovol1 overexpression attenuated the stimulation of cell proliferation by Jarid1b knockdown ( Figure 6E ). Taken together, our results demonstrated that Jarid1b directly binds the SHIP1 gene by effectively activating the PI3K-AKT-Ovol1 pathway, resulting in keratinocyte differentiation.
| D ISCUSS I ON
Genome-wide analyses have revealed that H3K4me3 is enriched at transcription start sites, which is regarded as an active histone F I G U R E 5 Ovol1 expression was regulated by the Jarid1b-Ship1/PI3K/AKT pathway. A, The PI3K-AKT inhibitors (A) LY294002 and (B) perifosine repressed the expression of Ovol1 and keratinocyte differentiation markers (K10 and IVL). C, Jarid1b overexpression and (D) knockdown promoted and repressed Ship1 expression, respectively. E, Overexpression of Ship1 inhibited AKT phosphorylation and Ovol1 expression. F, Silencing of Ship1 enhanced AKT phosphorylation and Ovol1 expression marker. The global H3K4 methylation state is involved in the ESC fate decision during development. [23] [24] [25] Global loss of H3K4me3 has been described during ESC differentiation. 6 Our results showed that global H3K4me3 expression was decreased during differentiation in vitro and in vivo, which suggested that progenitor cell commitment is accompanied by H3K4me3 loss at the global level. Interestingly, LSC differentiation is also associated with stem maintenance gene repression via loss of H3K4me3, but not H3K79me2. 15 F I G U R E 6 Jarid1b directly bound to the SHIP1 gene promoter. A, mRNA expression of Ship1 and Pten upon Jarid1b overexpression. B, Jarid1b and H3K4me3 enrichment at the SHIP1 gene promoter. C, H3K4me3 enrichment at the SHIP1 gene promoter upon Jarid1b overexpression (*P < 0.05, normalized with IgG). Cell proliferation was measured by the CCK8 assay in (D) Jarid1b + control/Ship1-Flag (#P < 0.01, Jarid1b O/E vs Jarid1b + Ship1 O/E) and (E) Jarid1b KD + control/Ovol1 O/E co-transfected cells (*P < 0.05, Jarid1b KD vs control, #P < 0.01, Jarid1b KD vs Jarid1b KD + Ovol1 O/E, **P < 0.01, Jarid1b KD + Ovol1 O/E vs control, Student's t test). F, Experimental model explaining how Jarid1b regulates epidermal differentiation
From our results, we assume that SCC and epithelial cells may evolutionally share common mechanisms in promoting cell differentiation.
Jarid1b represents a barrier to ESC EMT and the reprogramming of differentiated cells by regulating mesenchymal master regulators, 32 whereas in human lung and colon cancer cells, overexpression of Jarid1b promotes the EMT process via upregulating the expression of Zeb1 and Zeb2, which are targeted by microRNA-200. 33 Our results showed that Jarid1b overexpression impaired cell migration in a wound healing assay and promoted the expression of MET genes, among which Ovol1 has been proven to be a key molecule in epithelial differentiation. Ovol1 can repress Ovol2 34 and its own transcription. 35 Ovol1 knockout mice exhibit skin barrier impairment, 34, 36 suggesting the important role of Ovol1 in epidermal differentiation.
Filaggrin and involucrin levels are reduced upon Ovol1 knockout in vivo, 36 which is consistent with our results regarding the regulation of Inv and K10. In skin melanoma, high expression of Ovol1 prevents tumour invasion and predicts a better prognosis than that associated with low expression. 37 In cutaneous and oral SCC, the expression of Ovol1 markedly decreases in the invasive portion compared with the in situ state, implying a role of Ovol1 in potentiating differentiation. 38, 39 Despite the importance in cell differentiation, the regulation of Ovol1 expression is largely unknown. NGN3 negatively regulates the transcription of Ovol1 in an E-box-dependent fashion in the rodent pancreas. 40 In SCC cell lines, IRF6 binds to the Ovol1 gene promoter and positively regulates Ovol1 expression. 41 Li et al 42 showed that the mOvo1 promoter is activated by the LEF1/β-catenin complex. Our previous research has shown that β-catenin is regulated by the Jarid1b-AKT pathway. Thus, we speculated that this pathway may also be involved in the regulation of Ovol1 expression.
As expected, we found that Ovol1 expression was positively controlled by the Jarid1b-PI3K-AKT pathway. Interestingly, Jarid1b only controls the AKT pathway suppressor Ship1, and not Pten, by directly binding to its promoter, which suggests that there may be specific mechanisms to trigger distinct downstream biological effects.
Together, our studies clearly show the crucial role of Jarid1b in promoting epidermal cell differentiation ( Figure 6F ). As the ob- 
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